There are currently 805 million people classified as chronically undernourished, and yet the World's 10 population is still increasing. At the same time, global warming is causing more frequent and severe 11 flooding and drought, thus destroying crops and reducing the amount of land available for agriculture. 12
Introduction 32 Understanding the mechanisms underlying the growth of agriculturally important plant 33 species is becoming increasingly critical to society, particularly as the quantity of food arrangement for photosynthesis, and further studies using accurate plant representations need 94 to be conducted to determine this (Pound et al. 2014) . Detailed 3D representations of real 95 plants allow numerous simulations, e.g. ray-tracing techniques to simulate illumination 96 conditions, within a range of artificial canopies (Burgess et al. 2015) . 97 It is clear that 3D models have the potential to provide the continued refinement of plant 98 phenotyping methods required to quantify plant growth, development, tolerance and 99 physiology. The cost associated with the 3D model-based approach is, however, that an 100 appropriate reconstruction method is required. 101 In this review we appraise available approaches to the reconstruction of plant shoot 102 topology and geometry from image data, reviewing their actual and potential contribution to Publisher: CSIRO; Journal: FP:Functional Plant Biology Article Type: research-article; Volume: ; Issue: ; Article ID: FP16167 DOI: 10.1071/FP16167; TOC Head:
Page 5 of 30 models can be used to support both simulations of plant function and the extraction of the trait 139 measurements required for phenotyping. Although image-based modelling has made 140 significant progress towards achieving photorealism, that is constructing a model as 141 realistically as possible, over the past decade, creating accurate representations remains a 142 research problem. This is, in part, due to the complexity of the plants and the environments 143 they inhabit, and also the lack of a single definition of image-based modelling (McMillan and 144 Bishop 1995): multiple approaches to the problem have been proposed, each with its own 145 strengths and weaknesses. Fig. 1 provides an overview of current approaches, along with an 146 indication of their current range of application in plant modelling. 147 Plant architecture, as defined by Godin (2000) , is difficult to model due to the dynamic a large number of polygons to define every facet digitally (Weber and Penn 1995) . 153 Moreover, mature crop plants, which are of primary interest to the phenotyping and 154 breeding communities, typically have a more complex 3D architecture than laboratory-based 155 model plants such as Arabidopsis thaliana. 156 Despite these challenges, previous work (Tan et al. 2007 ) suggests that image-based 157 approaches offer the best solution to 3D reconstruction. Image acquisition is usually 158 straightforward, the tools involved have shown promising results and do not require their 159 users to have high levels of expertise (Tan et al. 2007 ).
160
Image-based 3D modelling 161 Image-based approaches reduce, although do not eliminate, the complexity associated with 162 rule-based approaches. They delineate real world plants by extracting geometry directly from 163 images, with the elusive goal of achieving photorealism (Weber and Penn 1995) . Capture 164 techniques can be categorised as either active or passive, where active is significantly more 165 expensive and requires specialist hardware to project some form of light into the scene. Light 166 detection and ranging (LiDAR) and laser-based 'digitisation' are perhaps the best known 167 active approaches. 168 Space carving, shape-from-silhouette (SFS), shape-from-shading (Cryer and Shah 1999), 169 shape-from-contour, stereo vision and structure-from-motion (SFM) (discussed below) are 170 passive approaches commonly conducted using standard hand-held cameras. The challenge 171 for these methods is to produce 3D representations under normal, ideally natural, illumination 172 conditions. Approaches such as shape-from-shading (Horn and Brooks 1989), shape-from-Publisher: CSIRO; Journal: FP:Functional Plant Biology Article Type: research-article; Volume: ; Issue: ; Article ID: FP16167 DOI: 10.1071/FP16167; TOC Head:
Page 6 of 30 texture (Kender 1981 ) and shape-from-edges (Wahl 2001) are used but are uncommon in 174 plant modelling due to the complexity of the object and their reliance on a single image, 175 making them more susceptible to occlusion, a common occurrence in plants. 176 Image based approaches can be further categorised into those that begin with an existing, 177 generic, plant model that is fitted to the image data, known as top-down, or those that apply a 178 series of processes to the contents of images, to create an increasingly accurate and realistic Although LiDAR can be effective it requires expensive equipment that is out of reach of 235 many. Passive approaches are therefore gaining an increasing amount of popularity, as they 236 only require a standard 'off-the-shelf' digital camera to capture overlapped images, 237 simultaneously or sequentially, and a basic computer to process them. As passive methods use 238 only the radiation present in the scene, specialist lighting is often not required. 239 A variety of passive approaches exist which manipulate the 2D image information in 240 various ways. One of these enables 3D objects to be reconstructed from 2D silhouettes by 241 back-projecting them from their cameras' viewpoints and intersecting the resulting cones. The visual hull determines the largest possible shape that is consistent with the available 247 images. In many cases, where the number of input images is high, the resulting model will be 248 a good approximation. However, as the scene becomes increasingly complex, for example, a 249 scene with concavities and occlusions, the dissimilarity between the resulting model and the 250 actual object will increase. A complex plant canopy consisting of multiple overlapping plants, 251 for example, will produce poor results in which leaf thickness is overestimated and the views that can be used, and so the complexity of the objects that can be modelled. 281 Stereo vision differs significantly from SFS and is based on key functionality of the human 282 vision systemthe ability to see the same scene but from slightly different viewpoints, 283 achieved through the distinct lateral positioning of the eyesknown as binocular vision. 284 Stereo vision aims to mimic this process, extracting 3D information by processing two 2D formation process, allows 3D information, usually surface orientation, to be computed from 320 these variations on appearance. 321 Photometric stereo is less widely used in practise than binocular stereo and SFM, as it can 322 be difficult to adequately control and quantify lighting conditions. Surface orientation must 323 also be integrated to obtain depth estimates, which can pose further problems. Photometric 324 stereo is, however, now attracting interest within the controlled environment phenotyping 325 community. 326 Less common methods such as concept sketching, which is the process of digitally drawing 327 3D shapes or is the process of creating a 3D model from a 2D sketch, have also been applied higher nutrient requirements and weed problems. Therefore, there is still a need to understand 384 the relationship between photosynthesis dynamics and precise canopy architecture. 385 LAI and LAD estimates are two measurements that offer significant insight into the ability 386 of a plant to capture radiation for photosynthesis. These measures can be obtained manually, 387 though the process is often tedious and error prone, for example, an operator has to manually 388 measure a leaf segment using callipers. As a result, observers may have varying opinions, and 389 the approach tends to be intrusive and accuracy decreases compared with the automatic 390 measurements. However, with the use of modern technology, approaches are becoming less 391 interactive and are increasingly becoming more accurate and automated. One such image-392 based approach, which calculates the leaf area as the area of the surface of the 3D model by 393 summing the area of triangles, is applied to corn plants by Wang (2009 segments, one a plant segment has been manually measured it was removed to provide access 400 to the next part, typically starting from the top of the plant and working downwards. 401 Alternatively, a stereo vision approach can be used to obtain measurements and identify 402 branch and leaf segments, for example, Paproki et al. (2011) applied this to cotton plants. 403 Using a top-down approach, they recursively segment the plant into regions, at each iteration 404 determining which segmentation algorithm to apply in order to extract a specific limb from 405 the model. With this they accurately identified 20 out of 22 cotton plant segments. 406 The ability to automatically identify and extract single leaf data would significantly 407 improve the process of calculating LAI and LAD. Biskup (2007) proposed an approach that 408 uses stereo vision in a field setting to track the nocturnal and daytime movement of leaves and reconstruction of scenes and objects, with any method, a complex task. Table 1 provides a 500 summary of the advantages and disadvantages/challenges of these approaches.
501
Much of the previous work in this field has been focussed on single plant reconstruction, 502 where some success has been achieved. More recently, however, there has been an increased 503 interest in canopies, particularly those grown in the field, which is proving more difficult. In to extend these techniques to multiple plants and to install them in field environments. 517 For stereo vision, occlusion is perhaps the biggest challenge yet to be overcome. Images 518 are often captured from only two viewpoints, which restricts the view of the rear of an object, 519 resulting in a '2.5D', rather than a complete 3D model. For this reason, stereo cameras are 520 often used from above for canopy or rosette analysis where a detailed 3D structure is not 521 necessary. Improved results may be obtained using multi-view stereo, or structure from also failing to account for concave surfaces, which will be interpreted as solid. 534 As a result, a silhouette approach commonly has to be augmented with another approach 535 that is capable of removing excess voxels (Mulayim et al. 2003 ). In extremely crowded 536 scenes, the reconstruction will fail to adequately capture the scene, even with post processing, 537 and an accurate reconstruction is impossible to obtain. Furthermore, silhouette approaches are Non-laser approaches can also suffer from high processing requirements if too much 558 information is acquired. When using image-based reconstruction, determining the optimal 559 number of samples (images) is often problematic. Collecting excess samples is known as 560 'oversampling', and will inevitably lead to a more intensive data acquisition model, higher 561 capacity requirements and greater redundancy (Shum and Kang 2000) . In many cases 562 oversampling will lead to significantly higher computational requirements, without notable 563 benefits in output quality. Indeed, in some cases oversampling can lead to degradation in 564 reconstruction quality. 565 In contrast, incomplete and inaccurate reconstruction is a classic consequence of Some image-based approaches require a calibration targetan object in the scene that is 588 used as a reference point to determine correspondence between two imagesthat is ideally 589 visible in each image. This can limit the types of plants modelled as they may occlude the 590 calibration target. Approaches that require a calibration target add further challenges to field 591 based phenotyping, where they are harder to include.
Moreover, phenotyping methods in general often make over-simplifying assumptions, such 593 that the object is of a specific shape or size, that the background is a certain colour, that the 594 object is green, or that each leaf is the same shape. With these specific conditions the 595 approaches lack robustness and struggle to deal with varying plant species. The approach by 596 Pound et al. becoming increasingly popular and provide a way to collaboratively improve approaches. 605 Training courses for biologists are also becoming more easily and frequently available. 606 Validation challenges 607 3D reconstruction has been a topic of interest in the wider computer vision community for 608 many years. As new reconstruction methods have been proposed it has been increasingly 609 important that some objective evaluation and comparison criteria be adopted. Several improving, though the size of 3D models and the required detail is also increasing.
691
Although image-based approaches can produce realistic looking plant models, they still 692 remain highly interactive. A fully-automated system is clearly a necessity. However, an active 693 vision approach, that is an approach capable of manipulating the camera viewpoint in order to 694 investigate the environment, is required along with the ability to determine objects of 695 importance without user interaction or assumptions being made beforehand. Advanced computing and algorithms and a reduction in hardware costs are necessary before this 697 becomes a reality and until then semi-automated approaches must be used. 698 Field-based phenomics are especially challenging due to environmental challenges and data 699 acquisition processes. Capturing data on a large crop is intrusive and requires modification to 700 the land setup, providing space to access the plants along single rows. Furthermore, the 701 process of acquiring data is resource intensive with multiple vehicles required in order to 702 capture rows more than once per day. With the lack of arable land it isn't feasible to approach 703 FBP like this and improving current crop yields is necessary beforehand. 704 It is encouraging to see phenotyping receiving increasing attention, particularly from 705 computer vision researchers, and as a result several conferences, workshops and training 706 courses are now available. Utilising 3D data will aid phenotyping practice and we expect to 707 see an increase in the development and uptake of 3D approaches in the near future. 
